ABSTRACT. Cytosine DNA methylation is a conserved epigenetic regulatory mechanism in both plants and animals. DNA methyltransferases (DNA MTases) not only initiate (de novo) but also maintain the process of DNA methylation. Here, we characterized the genome-wide expression profiles of 10 cytosine DNA MTase genes belonging to 4 subfamilies, MET1, CMT, DNMT2, and DRM, in rice. Tissue-specific gene expression analysis showed that all family members varied widely in their expression and specificities and might be involved in some basic metabolic pathways. Similarly, the expression of all rice cytosine DNA MTase genes was not regulated by plant hormones except OsDRM1a and OsDRM1b, which were downregulated by jasmonic acid. The transcription level of 10 genes in rice shoots and roots was also measured under salt and osmotic stress. Meanwhile, quantitative polymerase chain reaction data of the japonica and indica rice cultivars revealed that there is large variation in the expression activities of all genes. The results provide a foundation to further explore the roles of DNA MTases and the epigenetic regulation of abiotic stress responses in rice.
INTRODUCTION
Rice not only feeds half of the world population but is also useful for basic molecular and genetic studies because of its relatively small genome size. A large portion of the rice crop may be destroyed in the field because of biotic and abiotic stresses. Salt and osmotic (dehydration) stresses are 2 major abiotic stresses for agricultural production (Zhu, 2002) . In order to resist the environmental hazards, plants activate various molecular and biological processes (Rausher, 2001) . In addition to various regulatory processes, DNA methylation, an epigenetic regulatory process, also plays a key role in the modulation of these stresses (Chinnusamy and Zhu, 2009 ). In plants, DNA methylation is a covalently attached methyl (CH 3 ) group at the 5-position of cytosine, yielding 5-methylcytosine. Although this cytosine can be methylated in any sequence context in plants but methylation at CpG and CpNpG sequences is very common (Chan et al., 2005) .
In fact, the mechanism of DNA methylation is under the control of specific enzymes called DNA methyltransferases (DNA MTases). The number of cytosine DNA MTases varies among different organisms. In fungi, protozoa, and insects, a single methylase performs the methylation, while more than 10 are involved in higher plants like rice (Sharma et al., 2009) . To understand the mechanism of DNA methylation under environmental stresses in rice, we analyzed the activities of MTases under 2 major abiotic stresses (salt and osmotic) separately and by dividing the plant into root and shoot. In rice, there are 4 basic subfamilies of DNA MTases to begin (de novo methylation) and to continue (maintenance methylation) DNA methylation: DNA methyltransferase 1 (MET1), DNA methyltransferase 2 (DNMT2), chromomethyltransferase (CMT), and domains rearranged methyltransferase (DRM) (Henikoff and Comai, 1998; Finnegan and Kovac, 2000; Cao and Südhof, 2001) . OsMET1 and OsCMT3 mainly function in maintaining DNA hypermethylation at CG and CHG sites (where H is A, T, or C) during DNA duplication. In contrast, DRM2 is involved in de novo DNA methylation at CHH sites directed by RNA (Chan et al., 2006) . In eukaryotes, the DNA methylation process is vital for normal growth and development; a mutation in the CpG maintenance MTase (DNMTs) is embryonic lethal in both plants and animals (Li et al., 1993; Rice et al., 2003; Xiao et al., 2006) .
The epigenetic pedals of gene expression are not well understood, but evidence indicates that patterns of DNA methylation are important. In plants, specific DNA MTases (MET1, DRM, and CMT) are essential for the creation of such patterns. Altered patterns of DNA methylation (as observed in ddm1 or met1 mutants) can be transmissible in many generations, even following backcrossing to wild-type plants (Reinders et al., 2009; Colomé-Tatché et al., 2012) . Meanwhile, genes of different DNA MTases are expressed differentially under different conditions. For example, ZmMET1 was downregulated by cold stress in maize (Ohba et Expression of the DNA MTase family in rice al., 2000) . In Arabidopsis, the transcription level of MET1 is at least 10,000 times more than that of MET11 (Sieńko et al., 2007) .
Here, we analyzed the quantitative reverse transcription polymerase chain reaction (qRT-PCR)-based expression of cytosine DNA MTases in rice shoots and roots under salt and osmotic stress. Similarly, a comparative expression analysis of all MTases between the japonica and indica cultivars was also conducted.
MATERIAL AND METHODS

Plant material and growth conditions
Three rice (Oryza sativa) cultivars, Zonghua11 (ZH11), Nipponbare (japonica), and 93-11 (indica) were used in this experiment. Briefly, first we used ZH11 to construct an expression profile of DNA MTase genes in roots and shoots. The seeds were sterilized with 0.1% HgCl 2 and then were transferred to a growth chamber at a fixed temperature of 28°C. Daily, we supplied Yoshida's nutrient solution to the seedling as described previously (Yoshida, 1973; Rana et al., 2012) . For the expression analysis in different tissues, ZH11 plants were grown under natural conditions, and samples were unruffled at the booting stage. Finally, Nipponbare and 93-11 were grown and treated as mentioned above. The samples were collected from 2-week-old seedlings of the 3 cultivars.
Application of stresses and preparation of samples
After 14 days of fixed conditions, the seedlings of all 3 cultivars were subjected to salt and osmotic stress, and samples were prepared. For the application of salt stress, we transferred the seedlings to a separate tray containing 150 mM NaCl. For the osmotic stress, we used 20% polyethylene glycol 6000 (providing an osmotic potential of -0.54 MPa) in another tray. Seedlings in a third tray were maintained in normal Yoshida's nutrient solution as a control. The seedlings were sampled after 12 h of treatments and immediately stored at -80°C.
Identification and phylogenetic analysis of 10 DNA MTase genes
A total of 10 genes encoding cytosine DNA MTases in the rice genome (accession Nos. AK242475, AK112062, AK109728, AK111502, AK108034, AK111461, AK063482, AK065147, AK065147, and AK065147) were identified as reported previously (Sharma et al., 2009) . Individually, each accession number was used to form a rice proteome database profile to confirm each gene. We also used the Rice Genome Annotation Project (http://rice.plantbiology.msu.edu/) and chromatin database (http://www.chromdb.org). Later, we performed phylogenetic analysis of all cytosine DNA MTase domain-containing proteins from different plant species with MEGA5 using the neighbor-joining method (Tamura et al., 2011) . turer protocol. For the removal of genomic DNA, we used DNase1 (Takara, Japan) at 37°C for 15 m. Total RNA purified (2 μg) was used for the synthesis of cDNA using an RT-PCR system (Promega, USA) according to the manufacturer protocol.
Quantitative real-time PCR
An ABI-7500 Fast Real-Time PCR (Applied Biosystems, USA) with an optical 96-well plate was used with SYBR Green Real-time PCR Master Mix (Toyobo, Japan) according to manufacturer instructions. The QuantPrime designing tool (Arvidsson et al., 2008) was used to design all primers (Table 1) . For the proper quantification of MTase genes, we used 2 μg of total RNA for the process of reverse transcription (Promega, USA) according to the protocol. Using the comparative CT (∆∆ CT ) method as described previously (Jain et al., 2006) , the fold change in cDNA (target gene) relative to the reference gene (18s rRNA) was analyzed. The relative quantification relates the PCR signal of the target transcript in stress-treated rice seedlings to that of rice seedlings grown under normal conditions. The expression level of all MTase genes in roots, shoots, and different organs of rice plants and in the japonica and indica rice cultivars was analyzed as reported previously (Huang et al., 2008) .
Statistical analysis
One-way analysis of variance and Bonferroni's multiple comparison test using the GraphPad5 software (GraphPad Software, Inc., USA) were used for the statistical analysis. P < 0.05 was considered to be statistically significant.
RESULTS
Characterization and phylogeny of MTases in rice
Different classes of cytosine DNA MTases (CMT, DNMT2, MET, and DRM) were characterized, and a phylogenetic tree was constructed using the neighbor-joining method ( Figure 1 ). MTases have a catalytic domain with conserved motifs that are arranged in a specific order. Because of this characteristic, it is believed that the cytosine DNA MTases originated from a common ancestor. Correspondingly, in eukaryotes, this domain is allied with Nterminal extensions having a variable number of domains conserved across different MTases (Ponger and Li, 2005) . This proper structural arrangement promotes interactions between MTases and an array of other cellular proteins (Lindroth et al., 2004) .
In plants and especially in rice, 4 subfamilies of cytosine-5 MTases have been identified (Pavlopoulou and Kossida, 2009; Sharma et al., 2009 ): CMT, DNMT2, MET1, and DRM (Finnegan et al., 1996; Henikoff and Comai, 1998) . After identifying and analyzing a complete set of 10 de novo and maintenance MTase genes in rice, we aligned the protein of these specific MTases with a set of proteins from Zea mays and Nicotiana tabacum using the CLUSTALX software (Thompson et al., 1997) and generated a bootstrapped tree (Figure 1 ). The phylogenetic tree clearly divided plant MTases into 4 subfamilies.
In rice, there is a single putative OsDnmt2 gene that has 99% similarity with the corresponding gene of maize. Similarly, 3 OsCMT genes were identified in rice that showed Table 1 . Characteristics of 4 subfamilies of DNA methyltransferase genes in rice. significant similarity to the corresponding genes of maize and tobacco. The 3 CMT genes (OsCMT1-3), used for their resemblance to the corresponding protein in Arabidopsis and other plant species. The OsCMT1-3 were characterized by the presence of a BAH domain in the N-terminal half and a preserved chromodomain inserted between motif I and motif IV (Sharma et al., 2009) . OsCMT2 deviated from the other 2 proteins (Figure 1 ) by an additional stretch of 193 amino acids at the beginning of the BAH domain in the amino terminal region. The chromodomain of rice CMTs has a preserved aromatic amino acid, tyrosine, at position 412 and tryptophan at position 409. Similarly, a phenylalanine was observed to be at position 382 in all plant proteins in place of a tyrosine at the same position in the animal protein. Table 1 , and those of other proteins are: tobacco NtCMT1 (AB032538), NtMET1 (AB030726), and NtDRM1 (AB087883); and maize ZCMT3 (AAK15805.1), ZMET1 (AF063403), ZMET3 (AAF68437.1), and ZMET4 (AAK40306.1). ClustalX was used for multiple sequence alignment, and a phylogenetic tree was constructed using the neighbor-joining method with the MEGA5 software.
Expression of the DNA MTase family in rice Two already reported MET1 genes (MET1-1 and MET1-2) (Teerawanichpan et al., 2004; Yamauchi et al., 2008) that encode a conserved BAH domain and a C-terminal catalytic domain similar to the animal Dnmt1 protein were also used for phylogenetic analysis. Both of the genes (MET1-1 and MET1-2) in rice showed a high degree of similarity to the corresponding genes in maize and tobacco. All DRM proteins (DRM1a, DRM1b, DRM2, and DRM3) in rice had preserved motifs in the MTase domain: motif I and X were juxtaposed, demonstrating a match with DRMs of maize and tobacco. All MTase genes in rice showed roughly equal genomic distribution excluding the OsDRM1a and OsDRM1b genes, which were located in segmental duplicated regions of chromosomes 11 and 12, although the other genes were located in unique regions that are definite to each chromosome. In addition, all rice genes in the phylogenetic tree have at least 1 ortholog in maize, suggesting that the expansion of plant MTase genes occurred at least before the divergence of monocot species.
Tissue-specific expression profiles of DNA MTases
Different members of the MTase family have been noted for their differential expression patterns in different plant organs and tissues. The normalized expression of all 10 DNA MTase genes was determined in various tissues [seedling, stem, node, blade, sheath, young (y)-panicle, and flowering (f)-panicle] of rice. The quantitative real-time PCR, revealing a large difference in the expression level of MTase genes in different tissues. On the basis of their expression specificity MTase genes were divided into 3 basic groups (high, medium, and low expression). Each member of the first group (CMT1, MET1-1, DRM3, DRM1a, and DRM1b) was highly expressed in at least 1 specific tissue. The 2nd group included CMT2, DNMT2, MET1-2, and DRM2, which showed medium expression in almost all tissues. The 3rd group included a single gene, CMT3, which had low expression in all specific tissues. Judging by their expression patterns (Figure 2) , it can be proposed that these genes may play roles in some basic metabolic pathways.
Expression of cytosine DNA MTases with hormone treatment
Because plant hormones play wide and important roles in all aspects of plant development and stress response, it is interesting to investigate the expression of cytosine DNA MTase family genes in response to plant hormones. Almost all genes were not regulated by diverse plant hormones including abscisic acid, gibberellin, auxin, brassinosteroid, cytokinin, and jasmonic acid (data not shown). These results indicate that cytosine DNA MTase family genes may not function under the regulation of plant hormones. There are only 2 cases, OsDRM1a and OsDRM1b, belonging to the DRM subfamily, that were downregulated by jasmonic acid (Figure 3) .
Expression of cytosine DNA MTases in roots and shoots under stress conditions
Spatial and temporal expression patterns of all DNA MTase genes of 4 subfamilies were observed in roots and shoots of 2-week-old seedlings. There was great variation in the expression activities of rice MTases under specific conditions of abiotic stress. Both in roots and shoots, our data did not deviate as reported previously (Teerawanichpan et al., 2009; Karan et al., 2012) . The OsCMT1 gene was significantly downregulated (P < 0.0001) in roots under both salt and osmotic stresses. In shoots, the OsCMT1 gene also demonstrated a significant level of reduction in its expression (P < 0.01). OsCMT2 showed no significant change in expression in roots under stress conditions, but it was highly upregulated (P < 0.0001) in shoots under osmotic stress relative to the salt-stressed and control samples. The OsCMT3 gene was downregulated (P < 0.0391) in roots under osmotic treatment as relative to saltstressed and control samples, while it was significantly upregulated (P < 0.0049) in shoots under salt stress (Figure 4) . Statistically, OsDNMT2 expression was significantly upregulated (P < 0.0001) in roots under salt stress compared to control, while its expression remained low under osmotic stress as compared to salt-stressed samples in roots. In shoots, OsDNMT2 was highly upregulated (P < 0.0088) under salt treatment as compared to the other 2 conditions. OsMET1-1 expression was downregulated (P < 0.0107) in roots of salt-and osmotic-stressed samples compared to control samples. In contrast, no significant difference in its expression was observed in shoots from the 3 conditions. Similarly, OsMET1-2 was also significantly downregulated (P < 0.0168) in roots under osmotic stress, and no difference in expression was observed in shoots from control, salt-stressed, and osmotic-stressed samples ( Figure 4) ; similar results were observed previously (Teerawanichpan et al., 2009 ) with respect to the differential expression of the MET1 family in rice. Finally, the expression of 4 members of the DRM subfamily was calculated. OsDRM1a did not show any significant change in expression in roots, but it was highly upregulated (P < 0.0012) in shoots under osmotic stress and salt stress compared to control. The OsDRM1b gene was downregulated in roots under osmotic stress, which is consistent with the result of a previous report (Moritoh et al., 2012) . Fascinatingly, it was significantly upregulated (P < 0.03704) in shoots under the same stressed condition as compared to salt treatment. The downregulation of OsDRM2 was observed (P < 0.0005) under both stress conditions in root, and its expression was also low (P < 0.0143) in shoots under osmotic stress. However, we did not observe significant levels of difference in the expression of OsDRM3 in root samples under the 3 conditions. Similarly, it was downregulated (P < 0.0116) in shoots under osmotic stress ( Figure 5 ). 
Distinct expression of DNA MTases in 2 rice subspecies under stress conditions
Japonica and indica are two major Asian rice subspecies that are distinguished by geographical and morphological bases. The cultivars of both subspecies demonstrate different levels of seed quality, seed maturity, and stress (abiotic and biotic) tolerance capacity (Liu et al., 2011) . A comprehensive expression profile of all DNA MTase genes in 2 different cultivars was created. We examined the variation in the expression level of different MTases of the 2 cultivars under different conditions. In Nipponbare, there are some genes, like OsDRM1a and OsDRM1b, that were overexpressed under both stresses. However, the MTase expression levels in the indica cultivar (93-11) were opposite with salt and osmotic stress, as shown in Figure 6 . 
DISCUSSION
Understanding the biological consequences of DNA methylation is a current focus of intensive research. Epigenetic modification induced by abiotic stresses (salt and osmotic) recovers to the original patterns once the stress is relieved. Some of these alterations may not recover to the original phase, which is called stress memory, and may be inherited through mitotic and even meiotic cell divisions (Chinnusamy and Zhu, 2009) . Numerous reports and conclusions are uncovering the nature of DNA methylation regulation in plants against biotic and abiotic stresses, but many questions remain behind, including how plants sense the stresses and how the adaptive mechanisms are activated. Additionally, the action of various components in methylation pathways is also required to answer these questions. In eukaryotes, biotic and abiotic stresses may cause alterations in the level of DNA methylation (Chong and Whitelaw, 2004) . DNA methylation patterns are considered to be important means of modifying the expression level of a number of genes (Boyko et al., 2007 (Boyko et al., , 2010 Boyko and Kovalchuk, 2011) . Thus, alterations in methylation patterns could be part of the plant protection mechanism in response to environmental perturbations. Kou et al. (2011) reported that, in rice, DNA methylation is involved in tolerance to nitrogen deficiency through the alteration of specific patterns. In this investigation, we analyzed the genome-wide expression profiles of cytosine DNA MTases in rice and observed their differential expression patterns under 2 different stress conditions. The DNA methylation status in the whole plant is regulated by various environmental, physiological, and developmental stress stimuli. The sources of DNA methylation (MTases) showed a significant level of difference in their expression with different environmental hazards compared to control conditions. For example, OsMET1-1 was highly downregulated in roots with both salt and osmotic stresses compared to control conditions. In addition, OsDNMT2 was significantly upregulated in roots with salt stress, while it was downregulated with osmotic stress. Therefore, the expression of rice MTases varied largely for genes and tissues with salt and osmotic stresses, indicating the complicated regulation that controls MTase expression in abiotic stress responses.
MTases are highly conserved in their structures, but their differential expression patterns suggested that they might play different biological roles in rice responses to these stresses. Moreover, based on our gene expression data from 2 rice subspecies, we concluded that DNA methylation adjustments may involve different levels of tolerance to abiotic stresses and that DNA methylation may play important roles in modulating plant tolerance. To further understand the biological significance of each DNA MTase in the rice response to abiotic stress, it is necessary to functionally analyze these genes using gene knockout mutants. This will help us to gain a better understanding of the epigenetic regulatory mechanisms of stress responses and will promote its application in genetic manipulation.
